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Nectar-dwelling yeasts modulate the ecology of interactions between
flowers and pollinators. We assess here the hypothesis that floral nectar
traits, which are a central element in most plant—pollinator relationships,
can largely represent the extended fungal phenotypes of nectar-dwelling
yeasts. The following specific question is addressed: do local genotypes
of the specialist nectar yeast Metschnikowia reukaufii have the ability to
obfuscate intrinsic individual variation among Helleborus foetidus plants
in nectar sugar concentration? An array of paired plant-yeast genotypes
mimicking a natural field situation was created in the laboratory by
inoculating field-collected nectar from different plant individuals with
distinct yeast genotypes following a factorial design. Chemical analyses
of nectar sugars before and after exposure to yeasts were performed using
ion-exchange high-performance liquid chromatography. Plant individual,
yeast genotype and their interaction all had strong, significant effects on
sucrose concentration of H. foetidus nectar. Yeasts abolished 79% of intrinsic
variance among plants in nectar sucrose concentration and profoundly
reshaped patterns of intrinsic among-plant variation. Our results support
the hypothesis that among-plant variation in nectar sugar concentration
found by pollinators in the field can sometimes reflect the extended
phenotypes of nectar yeasts more closely than intrinsic differences among
the plants themselves.

1. Introduction

Phenotypic differences among conspecifics are a central determinant of
the opportunity for selection in natural populations. In the case of plants,
however, certain traits can sometimes depend more on the expression of
genes belonging to intimately associated fungi than to those of the plants
themselves, exemplifying instances of fungal ‘extended phenotypes” [1-5].
When fungal modifications of plant phenotypes involve floral features there
can be fitness consequences for the individual plants via interference with
pollinator behaviour and plant reproduction [6-12]. Fungi known so far to
account for modifications of floral phenotypes are mostly systemic endo-
phytes, generally parasites or pathogens bearing antagonistic relationships
with their hosts. Nevertheless, recognition in recent years of the influence
of nectar-dwelling yeasts on the interaction between plants and pollinators
through their effects on floral nectar and the pollinators themselves [13-
22] motivates the hitherto unexplored hypothesis that intraspecific variation
in nectar traits naturally occurring in the field might actually reflect the
extended phenotypes of nectar-dwelling yeasts.

This article reports results of an experimental test of this hypothesis for the
interaction between plants of Helleborus foetidus L. (Ranunculaceae) and the
nectar yeast Metschnikowia reukaufii Pitt & M. W. Mill. (Metschnikowiaceae,
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Saccharomycetales). An array of paired plant-yeast genotypes mimicking a natural field situation was created in the laboratory [ 2 |

by inoculating nectar from different plant individuals with cells of different yeast genotypes. Sugar analyses of nectar samples
before and after a period of yeast population growth were used to answer the following specific question: do local genotypes
of the yeast have the ability to obfuscate intrinsic differences among plants in nectar sugar concentration? Our results revealed
that the identity of the nectar yeast genotypes hosted by individual plants can become more important than intrinsic plant traits
in shaping the variation in nectar traits encountered by foraging pollinators in natural plant populations, which suggests the
possibility that in the field pollinators might actually interact with sets of extended phenotypes of the nectar yeasts living in the
flowers.

2. Material and methods

(a) Study system and field sampling

This study focuses on the early-blooming perennial herb H. foetidus and the dominant yeast in its floral nectar, M. reukaufii.
Helleborus foetidus inflorescences are produced in early winter and flowers are pollinated by bumblebees [23]. Flowers produce
a sucrose-dominated nectar [24,25] that ordinarily harbours dense populations of M. reukaufii, the colonizing inocula of which
are brought to flowers by foraging bumblebees [26,27]. Metabolic activity of these yeasts induces substantial changes in
composition and concentration of nectar sugars [13,25,27].

Field sampling was conducted during 4 February-9 March 2015 in a large population of H. foetidus in the Sierra de Cazorla,
Jaén province, southeastern Spain. Floral nectar for the experiment was obtained from 20 widely spaced H. foetidus plants whose
inflorescences had been previously bagged at the bud stage to exclude pollinators. For each individual plant, nectar from many
flowers (mean =+ s.e. = 23 + 2 flowers sampled per plant, 5-10 pl of nectar per flower) was gathered into a single bulk sample and
stored at —20°C until used. Ten M. reukaufii strains from the same population were randomly chosen for the experiment from a
large collection of local strains gathered from nectar of H. foetidus flowers exposed to pollinators (held at Estacion Bioldgica de
Dofiana, CSIC).

(b) Experimental and analytical procedures

Prior to the experiment, nectar samples were filter-sterilized using a polyvinylidene difluoride 0.22 um filter. Genetic distinct-
ness of the experimental M. reukaufii strains was verified by fingerprinting them using polymorphic nuclear DNA microsatellite
markers [28], and will be referred to hereafter as “genotypes’.

The experimental layout consisted of a two-way factorial design, with M. reukaufii genotype (n = 10 levels) and H. foetidus
individual (n = 20 levels) as main factors, and two replicates per each genotype x individual combination (n = 381 experimental
units in total; a few plants had insufficient nectar for replication). Each experimental unit consisted of a 0.2 ml PCR tube
containing 15 pl of virgin, sterile nectar plus 1 ul of M. reukaufii cell suspension taken from a fresh culture on standard liquid
medium (12% sucrose, 0.3% glucose, 0.3% peptone and 0.3% DIFCO yeast extract). To assess differences among yeast genotypes
in initial cell density per experimental unit, two replicated control tubes were also set per genotype at the time of inoculation,
each consisting of 15 ul of 10% lactophenol cotton blue fixing solution plus 1 pl of M. reukaufii cell suspension. After inoculation,
all experimental tubes were held at 25°C without agitation. Aliquots for chemical analyses were taken from each experimental
unit at 24 and 48 h after inoculation. These short periods were chosen to impede extensive sugar depletion of nectar [13], which
would have biased comparisons.

Samples of virgin nectar from experimental plants (n = 40, two aliquots per plant) and all nectar samples taken in the
course of the experiment (n = 762) were analysed using ion-exchange high-performance liquid chromatography. Analytical
procedures and equipment were as described in [25,29]. Separate estimates of the concentration of the three sugars appearing
in the samples (sucrose, fructose and glucose) were obtained by integrating areas under chromatogram peaks, and total sugar
concentration was computed by summing partial figures. As previously found for H. foetidus nectar in the study area [25,29],
sucrose was virtually the only sugar in all nectar samples. It accounted on average for 99.2% (interquartile range = 99.4-100%)
and 98.9% (interquartile range = 100-100%) of total sugars in virgin (pre-exposure to yeasts) and experimental (post-exposure)
nectar samples, respectively. Only results for sucrose are considered hereafter.

(c) Data analysis

Due to differences among source cultures, initial cell densities in experimental units differed among yeast genotypes (chi-square
=287, d.f. = 9, p = 0.0007, Kruskal-Wallis rank sum test; range of genotype means = 475-1399 cells mm™) and experimental
plants differed in the sucrose concentration of virgin nectar (F190 = 73.8, p = 1.7 x 10™;, plant means range = 53-77% weight-to-
weight basis). To evaluate the robustness of experimental results to this initial heterogeneity across experimental units, and
to accurately dissect the role of yeast genotypes as agents of variation in nectar sugar across plants, two separate statistical
analyses were carried out. In the first one, sucrose concentration in nectar of experimental units after exposure to yeasts
was regressed on initial yeast cell density, initial sucrose concentration and their interaction. In the second analysis, a linear
model was fitted to post-exposure sucrose concentration using plant identity, yeast genotype and their interaction as predictors.
Adding time of sample collection (24 or 48 h) as a predictor had a negligible, statistically non-significant effect on results, and
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Figure 1. Interaction plot depicting differences in sucrose concentration after experimental exposure of nectar from different H. foetidus plants to different M.
reukaufii yeast genotypes. To emphasize the contrasting effect of the different yeast genotypes on different individual plants, and to facilitate comparisons across
plants, model-predicted sucrose concentrations for each plant X yeast genotype combination were scaled and centred separately for each plant. See figure 2 for the
distribution of model-predicted values of sucrose concentration over the 2D space defined by the 20 plants and 10 yeast genotypes tested in the experiment.
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Figure 2. Model-adjusted, predicted sucrose concentration of H. foetidus nectar after exposure to M. reukaufii yeasts for every plant identity X yeast genotype
combination.

the two datasets were pooled for the analyses. In addition to estimating main effects and interactions in the two linear models,
‘relative importance’ of each predictor was estimated by decomposition of the total variance (R?) accounted for by each model
[30].

Statistical analyses were carried out using the R environment [31]. The raw data and analytical script used are available
in [32]. Linear models were fitted using the Im function in the stats package. Adequacy of fitted models was verified using
the function check_model of the performance package [33]. Relative importance of predictors was obtained with function
calc.relimp in package relaimpo [34]. Marginal means and adjusted predictions (model-based estimates) of the response variable
(sucrose concentration) were estimated from fitted models using the predict_response function in the ggeffects package [35].
The average ‘blurring’ effect of each yeast genotype on intrinsic among-plant variation in nectar sucrose concentration was
inversely assessed with the correlation coefficient across plants between initial sucrose concentration in virgin nectar and the
model-adjusted, predicted values of post-exposure concentration conditioned on the yeast genotype.
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Table 1. Summary of statistical analyses testing for effects on nectar sucrose concentration after experimental exposure of nectar from 20 different H. foetidus plants to [ 4|
10 M. reukaufii yeast genotypes using a factorial design. Separate models were fitted to the data (n = 786 sugar concentration measurements) in which the predictors
were initial yeast cell density and sucrose concentration, and plant and yeast genotype identities, respectively.

predictors in model parameter estimate (s.e.) test statistic p-value variance explained
(%)
initial yeast and nectar features: Student’s t-test
cell density (CD) —0.012(0.009) 135 0.18 2.1
sucrose concentration (SC) 0.289(0.13) 2.26 0.02 9.1
(DxSC 0.001 (0.001) 0.84 0.39 0.1
plant and yeast identity: Fvalue (d.f.)
plant (P) 31.6(19, 586) <2x107"® 325
yeast genotype (YG) 31.7 (9, 586) <<2 X 15.3
10—16
................................................................. PxY622(171586)<79><203
10—12
3. Results

Exposure to yeasts largely wiped out initial interplant differences in sucrose concentrations. Initial heterogeneity across
experimental units in yeast cell density and nectar sucrose concentration had negligible explanatory effects on variation in
sucrose concentration after experimental nectar exposure to yeasts, as revealed by both the regression parameter estimates and
the proportion of variance explained by single effects and their interaction (table 1).

Plant and yeast identity, and their interaction, each had strong, statistically significant effects on nectar sucrose concentration
after exposure to yeasts (table 1). The proportion of variance explained by this model was remarkably high (R*> = 68.1%)
given the large number of samples. Estimated contributions of main effects (plant and yeast identity) and their interaction
to the variance explained by the model declined in the direction plant (32%) — plant x yeast (20%) — yeast (15%) (table 1).
Model-adjusted, predicted values of nectar sucrose concentration after exposure to yeasts varied among plants (range = 31-53%,
conditioned on strain 1_A_10.2) and yeast strains (range = 40-62%, conditioned on plant CV01), but the strong plant x yeast
interaction effect renders these figures only weakly informative (see next paragraph).

The high explanatory value of the yeast x plant interaction deserves particular consideration in the context of the hypothesis
examined here. First, the comparative effect of different yeast genotypes on nectar sucrose concentration was remarkably
different for different individual plants, as illustrated by extensive criss-crossing of lines in the interaction plot of within-plant
standardized values (figure 1). Second, as a consequence of the strong interaction the set of paired combinations of plant x yeast
genotype created a patchy, heterogeneous two-dimensional (2D) space of post-exposure sucrose concentrations (figure 2). And
third, yeast genotypes differed widely in their capacity to blur individual variation in nectar sucrose concentration, as shown by
the broad range across plants of the correlation coefficient between mean sucrose concentration before and after the experiment
(r range = 0.142-0.736, mean = 0.454). The activity of yeast genotypes obliterated between 46 and 98% (mean = 79%) of intrinsic
variance among plants in nectar sucrose concentration (estimated as 1 - r?).

4. Discussion

Local M. reukaufii genotypes obfuscated intrinsic differences among individuals of H. foetidus in nectar sucrose concentration, a
trait potentially important for the relationship with pollinators. After a relatively short exposure to the metabolic activity of M.
reukaufii genotypes, among-plant differences in initial sucrose concentrations were nearly wiped out, while yeast identity and
its interaction with plant identity acquired a major explanatory power. It must be stressed, however, that these experimental
results probably underestimate the actual impact of yeasts on individual variation in sugar concentration in the field. On one
side, initial yeast cell densities in experimental units were lower than the densities commonly found in nectar of H. foetidus
flowers exposed to pollinators [13,36]. On the other side, length of exposure to yeasts in this study was shorter than the natural
lifetime of individual H. foetidus flowers (up to 20 days [23]). Since sucrose concentration of H. foetidus nectar declines as yeast
cell density rises with flower age [13], yeast genotype effects in the field are probably larger than those reported here.
Applicability of the extended phenotype notion to nectar yeasts requires that the following three premises hold true: (i)
yeast genotypes differ in physiological competence and ability to transform floral nectar, e.g. via changes in sugar composition
or concentration; (ii) in natural populations of a given plant, floral nectar of different individuals is inhabited by different
yeast genotypes, so that plants might present to pollinators nectars with different features because they host different yeast
genotypes; and (iii) differences among coexisting plants in nectar traits of flowers exposed to natural conditions (i.e. visited
by pollinators and colonized by yeasts) depend closely on the yeast genotypes living in their flowers. Premise 1 has been
previously documented for M. reukaufii whenever metabolic differences among genotypes have been looked for [37-39], and
Premise 2 was supported by the finding that coexisting individuals of H. foetidus host distinct M. reukaufii genotypes in their
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floral nectar [40]. Premise 3 is supported by the results of the present study. Past and present results, taken together, thus “

provide compelling support for the hypothesis that natural variation in sugar concentration occurring in populations of H.
foetidus can reflect the extended phenotypes of the nectar-dwelling yeast M. reukaufii. Some potential implications of this finding
for the interaction between H. foetidus and its pollinators are briefly discussed below.

Floral nectar is a major pollinator reward that strongly influences plant-pollinator interactions, and nectar features have been
mostly interpreted in the light of selection from pollinators [41,42]. More recently, the potential role of nectar microorganisms
in nectar evolution has begun to be acknowledged, although our understanding of their actual role is still in an incipient stage
[43,44]. Results of this study revealed one hitherto unrecognized role of specialized nectar yeasts in nectar trait evolution: by
reshaping intrinsic individual differences among plants, M. reukaufii yeasts will reduce the opportunity for pollinator selection
on H. foetidus nectar sugar concentration. Such reduction will hinder selection on the plants' intrinsic values of nectar sugar
content, insofar as that variation is overshadowed by the transformative action of the yeast genotypes on nectar. Such reduction
in opportunity for selection, however, will be in a sense compensated by the new opportunities arising on an emergent axis. The
variation among yeast genotypes in sugar-transformative capacity, plus the strong plant x yeast genotype interaction effect on
sugar concentration, will create opportunities for selection on sugar concentration over the 2D space defined by combinations of
plant x yeast genotypes (figure 2). In this proposed scenario, pollinator selection on nectar traits of plant x yeast combinations
will supersede ‘naive’ pollinator selection on intrinsic nectar traits of individual plants, since the plant nectar phenotypes
encountered by pollinators in the field will often be extended phenotypes of the yeast genotype(s) within the nectar. Nectar
features could thus be considered as extended phenotypes of yeasts insofar as they are ‘candidate adaptations for the benefit of
alleles responsible for variation in them’ [2], as discussed below.

Since initial conditions (sucrose concentration, yeast cell density) had a negligible effect on our experimental results, it
seems safe to conclude that variation among experimental units in sucrose concentration after exposure to yeasts mainly
arose from differences among yeast genotypes in growth rate and metabolic competence to exploit not just sucrose, but also
other influential nectar constituents such as monosaccharides, proteins, amino acids and lipids, which are also present in
the nectar of H. foetidus but were not measured here [24,45]. The concentration of these other nectar constituents most likely
varied among plants, and in our experiment, their collective, unmeasured effects are subsumed under the ‘plant identity’
factor. Yeast genotypes with metabolic profiles variably suited to the chemical profile of a given plant’s nectar will probably
grow and modify sucrose concentration at different rates [37]. All else being equal, therefore, bumblebee discrimination for
nectars with different sucrose concentrations [21,46,47] will translate into selection among plant-yeast combinations which have
different sucrose concentrations (i.e. among different tiles in figure 2). As bumblebees disperse yeast propagules and pollen
grains simultaneously, any positive selection on a particular plant-yeast combination arising from pollinator discrimination will
automatically benefit both the plant and the yeast genotype(s) involved, contribute to consolidate their association, increase its
frequency and perhaps eventually become “stabilized” within H. foetidus populations over the blooming season. In the long run,
differential dispersal success of yeast genotypes associated with different plant individuals, and the likely stabilization of plant-
yeast genotypic pairs postulated here, could eventually contribute to the genetic differentiation of M. reukaufii subpopulations
found in flowers of H. foetidus individuals growing side by side, as well as the remarkable genetic and phenotypic diversity that
characterize this yeast species [37-40].

Ethics. This work did not require ethical approval from a human subject or animal welfare committee.
Data accessibility. Data, metadata and R script for analyses are available at figshare [32].
Declaration of Al use. We have not used Al-assisted technologies in creating this article.
Authors” contributions. C.M.H.: conceptualization, data curation, formal analysis, investigation, writing—original draft, writing—review and editing;
C.A.: data curation, formal analysis, methodology, resources, writing—review and editing.

Both authors gave final approval for publication and agreed to be held accountable for the work performed therein.
Conflict of interest declaration. We declare we have no competing interests.
Funding. Different stages of this work were supported by grants CGL2010-15964 (Ministerio de Educacién y Ciencia), P09-RNM-4517 (Junta de
Andalucia) and PID2022-141530NB-C22 (Ministerio de Ciencia e Innovacion).
Acknowledgements. We are grateful to Pilar Bazaga, Marina Garcia and Esmeralda Lopez-Perea for laboratory assistance; Ricardo Pérez for the
development and implementation of sugar analytical procedures; and Consejeria de Medio Ambiente, Junta de Andalucia por permission to
work in the Sierra de Cazorla and providing invaluable facilities there.

References

1. Dawkins R. 1982 The extended phenotype: the long reach of the gene. Oxford, UK: Oxford University Press.

2. Dawkins R. 2004 Extended phenotype—but not too extended. A reply to Laland, Turner and Jablonka. Biol. Philos. 19, 377-396. (doi:10.1023/b:biph.0000036180.14904.96)

3. Hunter P. 2009 Extended phenotype redux. EMBO Rep. 10, 212—215. (doi:10.1038/embor.2009.18)

4. Hunter P. 2018 The revival of the extended phenotype. EMBO Rep. 19, e46477. (doi:10.15252/embr.201846477)

5. Hawkes CV et al. 2021 Extension of plant phenotypes by the foliar microbiome. Annu. Rev. Plant Biol. 72, 823—846. (doi:10.1146/annurev-arplant-080620-114342)

6.  Batra LR, Batra SWT. 1985 Floral mimicry induced by mummy-berry fungus exploits host's pollinators as vectors. Science 228, 1011-1013. (doi:10.1126/science.228.4702.1011)

7. Jennersten 0. 1988 Insect dispersal of fungal disease: effects of Ustilago infection on pollinator attraction in Viscaria vulgaris. Oikos 51, 163—170. (doi:10.2307/3565638)

8. Jennersten 0, Kwak MM. 1991 Competition for bumblebee visitation between Melampyrum pratense and Viscaria vulgaris with healthy and Ustilago-infected flowers. Oecologia 86,

88-98. (doi:10.1007/bf00317394)
9. Roy BA. 1993 Floral mimicry by a plant pathogen. Nature 362, 56—58. (doi:10.1038/362056a0)

Jasy/jewnof/Bio Buiysqndaaposfefos

$6005C0C +LT “HaTjoig


http://dx.doi.org/10.1023/b:biph.0000036180.14904.96
http://dx.doi.org/10.1038/embor.2009.18
http://dx.doi.org/10.15252/embr.201846477
http://dx.doi.org/10.1146/annurev-arplant-080620-114342
http://dx.doi.org/10.1126/science.228.4702.1011
http://dx.doi.org/10.2307/3565638
http://dx.doi.org/10.1007/bf00317394
http://dx.doi.org/10.1038/362056a0

Downloaded from https://royal societypublishing.org/ on 27 May 2025

21.

22.

23.

24,

25.

26.
27.

28.
29.
30.
3N
32.
33.
34.
35.
36.
37.
38.

39.
40.

41.
42.

3.
44,

45.
46.

47.

Roy BA. 1996 A plant pathogen influences pollinator behavior and may influence reproduction of nonhosts. £cology 77, 2445—-2457. (doi:10.2307/2265745)

Gange A, Smith AK. 2005 Arbuscular mycorrhizal fungi influence visitation rates of pollinating insects. Ecol. Entomol. 30, 600—606. (doi:10.1111/j.0307-6946.2005.00732.x)
Gonzalez-Mas N, Cuenca-Medina M, Garcia-Mozo H, Mufioz-Redondo JM, Moreno-Rojas JM, Padilla-Alvarez F, Rodriguez-Gomez IM, Quesada-Moraga E. 2023 Endophytic Beauveria
bassiana modifies flowering phenology, floral volatile profile and pollinator behaviour in melon. Entomol. Gen. 43, 961-969. (doi:10.1127/entomologia/2023/1991)

Herrera (M, Garcia IM, Pérez R. 2008 Invisible floral larcenies: microbial communities degrade floral nectar of bumble bee-pollinated plants. Ecology 89, 2369—-2376. (doi:10.1890/
08-0241.1)

Herrera CM, Pozo MI, Medrano M. 2013 Yeasts in nectar of an early-blooming herb: sought by bumble bees, detrimental to plant fecundity. Ecology 94, 273-279. (d0i:10.1890/12-
0595.1)

Schaeffer RN, Phillips CR, Duryea MC, Andicoechea J, Irwin RE. 2014 Nectar yeasts in the tall larkspur Delphinium barbeyi (Ranunculaceae) and effects on components of pollinator
foraging behavior. PLoS One 9, €108214. (doi:10.1371/journal.pone.0108214)

Schaeffer RN, Mei YZ, Andicoechea J, Manson JS, Irwin RE. 2017 Consequences of a nectar yeast for pollinator preference and performance. Funct. Ecol. 31, 613-621. (doi:10.1111/
1365-2435.12762)

Schaeffer RN, Rering (C, Maalouf |, Beck JJ, Vannette RL. 2019 Microbial metabolites elicit distinct olfactory and gustatory preferences in bumblebees. Biol. Lett. 15, 20190132. (doi:
10.1098/rsb1.2019.0132)

Vannette RL, Fukami T. 2016 Nectar microbes can reduce secondary metabolites in nectar and alter effects on nectar consumption by pollinators. Ecology 97, 1410-1419. (doi:10.
1890/15-0858.1)

Vannette RL, Fukami T. 2018 Contrasting effects of yeasts and bacteria on floral nectar traits. Ann. Bot. 121, 1343—1349. (doi:10.1093/a0b/mcy032)

Rering CC, Beck JJ, Hall GW, McCartney MM, Vannette RL. 2018 Nectar-inhabiting microorganisms influence nectar volatile composition and attractiveness to a generalist pollinator.
New Phytol. 220, 750-759. (doi:10.1111/nph.14809)

Pozo MI, van Kemenade G, van Oystaeyen A, Aleddn-Catald T, Benavente A, Van den Ende W, Wdckers F, Jacquemyn H. 2020 The impact of yeast presence in nectar on bumble bee
behavior and fitness. Ecol. Monogr. 90, €01393. (doi:10.1002/ecm.1393)

de Vega (, Albaladejo RG, Alvarez-Pérez S, Herrera CM. 2022 Contrasting effects of nectar yeasts on the reproduction of Mediterranean plant species. Am. J. Bot. 109, 393-405. (doi:
10.1002/ajb2.1834)

Herrera (M, Sanchez-Lafuente AM, Medrano M, Guitian J, Cerdd X, Rey P. 2001 Geographical variation in autonomous self-pollination levels unrelated to pollinator service in
Helleborus foetidus (Ranunculaceae). Am. J. Bot. 88, 1025-1032. (doi:10.2307/2657084)

Vesprini JL, Nepi M, Pacini E. 1999 Nectary structure, nectar secretion patterns and nectar composition in two Helleborus species. Plant Biol. 1, 560-568. (doi:10.1111/j.1438-8677.
1999.th00784.x)

(anto A, Herrera CM, Garcia IM, Pérez R, Vaz M. 2011 Intraplant variation in nectar traits in Helleborus foetidus (Ranunculaceae) as related to floral phase, environmental conditions
and pollinator exposure. Flora 206, 668—675. (doi:10.1016/j.flora.2011.02.003)

Brysch-Herzberg M. 2004 Ecology of yeasts in plant—bumblebee mutualism in Central Europe. FEMS Microbiol. Ecol. 50, 87—100. (doi:10.1016/j.femsec.2004.06.003)

(anto A, Herrera (M, Medrano M, Pérez R, Garcia IM. 2008 Pollinator foraging modifies nectar sugar composition in Helleborus foetidus (Ranunculaceae): an experimental test. Am. J.
Bot. 95, 315-320. (doi:10.3732/ajb.95.3.315)

Seino MM, de Vega C, Bazaga P, Pozo MI, Herrera CM. 2013 Development and characterization of microsatellite loci for the nectar-living yeast Metschnikowia reukaufii. Mol. Ecol.
Resour. 13, 760-762. (doi:10.1111/1755-0998.12121)

Herrera (M, Pérez R, Alonso C. 2006 Extreme intraplant variation in nectar sugar composition in an insect-pollinated perennial herb. Am. J. Bot. 93, 575-581. (doi:10.3732/ajh.93.4.
575)

Groemping U. 2007 Estimators of relative importance in linear regression based on variance decomposition. Am. Stat. 61, 139—147. (doi:10.1198/000313007x188252)

R Core Team. 2024 R: a language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing.

Herrera CM. 2025 Data from: Effects of yeast genotype and plant identity on sucrose concentration of Helleborus foetidus nectar. Figshare. (doi:10.6084/m9.figshare.28282703)
Liidecke D, Ben-Shachar MS, Patil I, Waggoner P, Makowski D. 2021 performance: An R package for assessment, comparison and testing of statistical models. J. Open Source Softw.
6,3139. (doi:10.21105/joss.03139)

Groemping U. 2006 Relative importance for linear regression in R: the package relaimpo. J. Stat. Softw. 17, 1-27. (doi:10.18637/jss.v017.i01)

Liidecke D. 2018 ggeffects: Tidy data frames of marginal effects from regression models. J. Open Source Softw. 3, 772. (doi:10.21105/j0ss.00772)

Herrera (M, de Vega C, Canto A, Pozo MI. 2009 Yeasts in floral nectar: a quantitative survey. Ann. Bot. 103, 1415—1423. (doi:10.1093/a0b/mcp026)

Herrera CM. 2014 Population growth of the floricolous yeast Metschnikowia reukaufii: effects of nectar host, yeast genotype, and host x genotype interaction. FEMS Microbiol. Ecol.
88, 250-257. (doi:10.1111/1574-6941.12284)

Pozo MI, Herrera (M, Van den Ende W, Verstrepen K, Lievens B, Jacquemyn H. 2015 The impact of nectar chemical features on phenotypic variation in two related nectar yeasts.
FEMS Microbiol. Ecol. 91, fiv055. (doi:10.1093 /femsec/fiv055)

Dhami MK, Hartwig T, Fukami T. 2016 Genetic basis of priority effects: insights from nectar yeast. Proc. R. Soc. B 283, 20161455. (doi:10.1098/rspb.2016.1455)

Herrera (M, Pozo MI, Bazaga P. 2014 Nonrandom genotype distribution among floral hosts contributes to local and regional genetic diversity in the nectar-living yeast
Metschnikowia reukaufii. FEMS Microbiol. Ecol. 87, 568—575. (d0i:10.1111/1574-6941.12245)

Nicolson SW, Nepi M, Pacini W (eds). 2007 Nectaries and nectar. Dordrecht, The Netherlands: Springer-Verlag. (doi:10.1007/978-1-4020-5937-7)

Abrahamczyk S, Kessler M, Hanley D, Karger DN, Miiller MPJ, Knauer AC, Keller F, Schwerdtfeger M, Humphreys AM. 2017 Pollinator adaptation and the evolution of floral nectar
sugar composition. J. Evol. Biol. 30, 112—127. (doi:10.1111/jeb.12991)

Parachnowitsch AL, Manson JS, Sletvold N. 2019 Evolutionary ecology of nectar. Ann. Bot. 123, 247-261. (doi:10.1093/aob/mcy132)

Barberis M, Nepi M, Galloni M. 2024 Floral nectar: fifty years of new ecological perspectives beyond pollinator reward. Perspect. Plant Ecol. Evol. Syst. 62, 125764. (doi:10.1016/j.
ppees.2023.125764)

Herrera J. 1989 Aminodacidos en el néctar de plantas del sur de Espafia. Anal. Jard. Bot. Madrid 45, 475-482.

Cnaani J, Thomson JD, Papaj DR. 2006 Flower choice and learning in foraging bumblebees: effects of variation in nectar volume and concentration. Ethology 112, 278-285. (doi:10.
1111/j.1439-0310.2006.01174.x)

Whitney HM, Dyer A, Chittka L, Rands SA, Glover BJ. 2008 The interaction of temperature and sucrose concentration on foraging preferences in bumblebees. Naturwissenschaften
95, 845-850. (doi:10.1007/500114-008-0393-9)

SE00S20 1z Weniog  (asyjewnolbobunsigndbaposefor [


http://dx.doi.org/10.2307/2265745
http://dx.doi.org/10.1111/j.0307-6946.2005.00732.x
http://dx.doi.org/10.1127/entomologia/2023/1991
http://dx.doi.org/10.1890/08-0241.1
http://dx.doi.org/10.1890/08-0241.1
http://dx.doi.org/10.1890/12-0595.1
http://dx.doi.org/10.1890/12-0595.1
http://dx.doi.org/10.1371/journal.pone.0108214
http://dx.doi.org/10.1111/1365-2435.12762
http://dx.doi.org/10.1111/1365-2435.12762
http://dx.doi.org/10.1098/rsbl.2019.0132
http://dx.doi.org/10.1890/15-0858.1
http://dx.doi.org/10.1890/15-0858.1
http://dx.doi.org/10.1093/aob/mcy032
http://dx.doi.org/10.1111/nph.14809
http://dx.doi.org/10.1002/ecm.1393
http://dx.doi.org/10.1002/ajb2.1834
http://dx.doi.org/10.2307/2657084
http://dx.doi.org/10.1111/j.1438-8677.1999.tb00784.x
http://dx.doi.org/10.1111/j.1438-8677.1999.tb00784.x
http://dx.doi.org/10.1016/j.flora.2011.02.003
http://dx.doi.org/10.1016/j.femsec.2004.06.003
http://dx.doi.org/10.3732/ajb.95.3.315
http://dx.doi.org/10.1111/1755-0998.12121
http://dx.doi.org/10.3732/ajb.93.4.575
http://dx.doi.org/10.3732/ajb.93.4.575
http://dx.doi.org/10.1198/000313007x188252
http://dx.doi.org/10.6084/m9.figshare.28282703
http://dx.doi.org/10.21105/joss.03139
http://dx.doi.org/10.18637/jss.v017.i01
http://dx.doi.org/10.21105/joss.00772
http://dx.doi.org/10.1093/aob/mcp026
http://dx.doi.org/10.1111/1574-6941.12284
http://dx.doi.org/10.1093/femsec/fiv055
http://dx.doi.org/10.1098/rspb.2016.1455
http://dx.doi.org/10.1111/1574-6941.12245
http://dx.doi.org/10.1007/978-1-4020-5937-7
http://dx.doi.org/10.1111/jeb.12991
http://dx.doi.org/10.1093/aob/mcy132
http://dx.doi.org/10.1016/j.ppees.2023.125764
http://dx.doi.org/10.1016/j.ppees.2023.125764
http://dx.doi.org/10.1111/j.1439-0310.2006.01174.x
http://dx.doi.org/10.1111/j.1439-0310.2006.01174.x
http://dx.doi.org/10.1007/s00114-008-0393-9

	Flowers as fungal extended phenotypes: nectar yeasts obfuscate among-plant differences in nectar sugar concentration
	1. Introduction
	2. Material and methods
	(a) Study system and field sampling
	(b) Experimental and analytical procedures
	(c) Data analysis

	3. Results
	4. Discussion


